Abstract The air-sea gas transfer velocity k is frequently estimated as an empirical function of wind speed. However, it is widely recognized that k depends on processes other than wind speed alone. The small-eddy model, which describes periodic events of small eddies disturbing the sea surface with water from below, suggests a direct relation between k and the dissipation rate of turbulent kinetic energy at the air-sea interface. This relation has been proven both in laboratories and in the field in various freshwater and coastal environments, but to date has not been verified in open ocean conditions. Here, concurrent North Atlantic field observations of and eddy covariance measurements of DMS and CO 2 air-sea gas flux are presented. Using measurements, we compare the small-eddy model at various depths to previously published observations. Extrapolating the measured profiles to the thickness of the viscous sublayer allows us to formulate a function of k that depends solely on the water side friction velocity u Ãw , which can be inferred from direct eddy covariance measurements of the air-side friction velocity u Ãa . These field observations are generally consistent with the theoretical small-eddy model. Utilizing a variable Schmidt number exponent in the model, rather than a constant value of 1 2 yields improved agreement between model and observations.
Introduction
The oceans and the atmosphere form a tightly coupled system and the processes at the interface play an important role in air-sea gas exchange. Estimating the fluxes between the atmosphere and the ocean requires an understanding of the physical processes on both sides of the interface.
The magnitude and direction of the gas flux F at the interface are typically determined by the air-sea difference in the partial pressure of a particular gas DP and by the transfer velocity K, which describes the efficiency in the transport process using the following equation:
where K is the total gas transfer velocity and s is the solubility of a gas, which can be determined from sea surface temperature and salinity [Weiss, 1974; Wanninkhof et al., 2009] . High precision field measurements of DP are readily available [e.g., Bakker et al., 2016; Watson et al., 2009; Lana et al., 2011] , but direct measurements of F are more challenging, and K is frequently parameterized as a function of wind speed.
K combines the effects of processes at the air as well as the water side of the air-sea interface. The inverses of the transfer velocities are the gas transfer resistances. The air side and water side resistances can be added to obtain the total resistance:
where k a and k w denote the air side and the water side gas transfer velocity expressed in the same units (typically of the water side gas transfer velocity). For CO 2 and DMS under the conditions of the Knorr11 study, k a ) k w and K % k w can be approximated to within 6% [Bell et al., 2013] . In the following, we refer to the water side gas transfer velocity as k.
The most commonly used parameterizations of k are based on functions of wind speed normalized to 10 m height: k5f ðu 10N Þ [Liss and Merlivat, 1986; Wanninkhof, 1992; Wanninkhof and McGillis, 1999; Nightingale et al., 2000; Sweeney et al., 2007; Goddijn-Murphy et al., 2012] . Wind speed is a readily available parameter from both in situ and satellite observations and directly or indirectly influences most of the physical processes controlling the air-sea gas exchange. However, the most commonly used parameterizations are empirical fits to observations of k and do not rely on the underlying physics of the exchange process. Wanninkhof [1992] used the global bomb 14 C data and combined it with global averaged wind speeds to which he scaled a quadratic relationship k5f ðu 10 Þ. This and further global quadratic relations feature a zero intercept [Nightingale et al., 2000; Sweeney et al., 2007] , which leads to the assumption of zero gas exchange at low wind speeds. It is known, however, that buoyancy effects, chemical enhancement, surface waves, and micro breaking events force gas exchange to occur even at low wind speeds [e.g., Sutherland and Melville, 2015; Wang and Liao, 2016] . McGillis et al. [2001 McGillis et al. [ , 2004 accounted for these effects by adding a constant value of k to wind speedbased parameterizations. Additionally, bubble entrainment and breaking waves at high wind speeds lead McGillis et al. [2001] to propose a cubic instead of quadratic wind speed dependence of k.
The empirical wind speed-based relations allow for approximate estimates of k, but they do not incorporate the complexity of the physics at the air-sea interface. Therefore, a physically based parameterization is desirable. The National Oceanic and Atmospheric Administration/Coupled-Ocean Atmospheric Response Experiment (NOAA/COARE) air-sea gas transfer algorithm [Fairall et al., 2000] , which is based on the COARE Bulk Flux Algorithm [Fairall et al., 1996] with additional implication of the surface renewal theory [Soloviev and Schl€ ussel, 1994] incorporates physical mechanisms of gas transfer to calculate k from readily available input variables.
Parameterizing k directly with the dissipation rate of turbulent kinetic energy offers a further opportunity to fulfil the requirement of a physically based parameterization, as turbulence is the major physical mechanism that controls k [e.g., Wanninkhof et al., 2009] . Lamont and Scott [1970] derived a direct relation between k and surface 0 using the surface renewal theory [Higbie, 1935; Danckwerts, 1951] . This theory describes periodic events of small eddies disturbing the sea surface with water from below (small-eddy model-SEM). Following Lamont and Scott [1970] , k can be parameterized by:
where A is a proportionality constant, Sc5m=D is the Schmidt number, which is defined as the ratio of the kinematic viscosity of water m to molecular diffusivity of the trace gas in water D, and n is the Schmidt number exponent. Lamont and Scott [1970] formulated equation (3) with a Schmidt number exponent of n5 1 2 by predicting the time scales in the surface renewal gas/liquid transport model. For flat surfaces which behave hydrodynamically analogous to solid/liquid interfaces a Schmidt number exponent of n5 2 3 is assumed [Davies, 1972] . Flat surfaces can exist for open ocean conditions under either very low wind conditions or in the presence of surface films at low to medium wind speeds. In reality, the sea surface might be partially covered with surfactants and waves might occur in different stages, and thus n can be assumed to vary between 1 2 for a wavy, surfactant-free surface and 2 3 for a flat surface depending on the conditions [Deacon, 1977; J€ ahne et al., 1987] .
Studies in the field [Zappa et al., 2007; Tokoro et al., 2008; Vachon et al., 2010; Wang et al., 2015; Gålfalk et al., 2013] and in laboratories [Asher and Pankow, 1986; Moog and Jirka, 1999] have shown the SEM to hold well in various conditions. Measurements of k and have been carried out in rivers, lakes, estuaries, coastal oceans, and the model-world Biosphere 2, under a wide range of forcings from wind, tides, and rain [Gålfalk et al., 2013; Zappa et al., 2007; Tokoro et al., 2008; Vachon et al., 2010; Wang et al., 2015] . The instrumental setup varied for the different studies, and was measured at various depths below the surface. No investigations have been carried out in the open ocean relating k to . section 3.2 and further investigations on the proportionality constant are presented in section 3.3. Section 4 summarizes the results and presents conclusions.
Methods
Measurements were taken during the Knorr11 field campaign in the North Atlantic, aboard the RV Knorr from late June to mid-July 2011, leaving and returning to Woods Hole, USA [see Scanlon and Ward, 2013; Bell et al., 2013; Sutherland et al., 2013; Christensen et al., 2013; Sutherland et al., 2014a; O'Sullivan et al., 2015; Scanlon et al., 2016, for further details] .
To expand the analysis, the observations from the North Atlantic are compared to measurements of k in the Pacific Ocean during the Surface Ocean Aerosol Production (SOAP) cruise [Landwehr et al., 2013; Bell et al., 2015] . The cruise was carried out in February-March 2012 east of New Zealand aboard the RV Tangaroa. Similarly to the Knorr11 cruise, sampling was performed in highly productive algal blooms.
Air-Sea Fluxes
The eddy covariance system consisted of two sonic anemometers (Campbell CSAT3), measuring the threedimensional wind speed, and two inertial motion sensors (Systron Donner Motion Pack II) that recorded the platform motion. In order to minimize the effect on air-flow distortion the covariance system was mounted on the bow mast of the ship at a height of about 13.6 m above the mean water level. O'Sullivan et al. [2015] provides a detailed study of the effects of air-flow distortion on the measurements on the RV Knorr. For this study, the data set was restricted to measurements where the apparent relative wind direction was less than 90 from the bow for both CO 2 and DMS.
Air sampling inlets were mounted between the two anemometers at the same height and provided two closed chamber gas analyzer systems, which are described in detail in Miller et al. [2010] and Bell et al. [2013] , for CO 2 and DMS, respectively. These publications also provide descriptions of the measurements of the air-sea concentration gradients of CO 2 and DMS. The CO 2 and DMS concentration in seawater were continuously measured using equilibrator systems [Miller et al., 2010; Bell et al., 2013; Saltzman et al., 2009] . In these systems, air was equilibrated with uncontaminated surface sea water from the ship's bow pumping system, and passed through a gas analyzer.
The apparent wind speed was corrected for platform motion and mean tilt of the air-flow as described in Landwehr et al. [2015] , and was then used to calculate the air-side friction velocity u Ãa 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
where u, v, and w are the along wind and the horizontal and vertical cross wind components of the wind vector with u 0 ; v 0 ; w 0 representing the derivation of the mean in the respective wind components: u5u1u 0 , with u referring to the mean velocity.
The gas fluxes F DMS and F CO2 were calculated as covariances of the vertical wind speed component w and the gas mixing ratios: F x 5q a w 0 x 0 , where q a is the dry air density.
The 10 min averaged gas flux and concentration gradient measurements were used to obtain the total gas transfer velocity K via equation (1), which in the case of CO 2 and DMS well approximates the water side transfer velocity k. In order to account for the influence of the sea surface temperature and salinity the transfer velocities were normalized to a Schmidt number of 660, which corresponds to CO 2 at 258C:
where Sc x refers to the Schmidt number at the in situ seawater temperature and salinity for either DMS or CO 2 . In the following, the normalized gas transfer velocities k 660 are referred to as k DMS and k CO2 for DMS and CO 2 , respectively.
Measurements and Scaling of Surface Turbulence
The Air-Sea Interaction Profiler (ASIP) is an autonomous, upwardly rising, microstructure profiler [Ward et al., 2014] . It was specially developed to study the upper few meters of the ocean and provides data from a maximum depth of 100 m to the ocean surface. The profiler being autonomous allows for measurements in an [Sutherland et al., 2013] .
Ideally, should be measured immediately below the air-sea interface to represent the physical conditions of the water surface. However, the shear probe measurements were used to calculate over 1 second intervals, which for a rise velocity of 0.5 m s 21 , resulted into a 0.5 m resolution [Ward et al., 2014] . The profiles were extrapolated to the air-sea interface. Lorke and Peeters [2006] scaled with the turbulent kinetic energy TKE production by the wind-stress, using the law of the wall (LOW), which assumes the oceanic boundary layer to behave as a shear-driven layer beneath a rigid and flat surface. The total stress in this layer is supposed to be constant leading to an increasing log-linear velocity profile with an inversely decreasing :
where j % 0.41 is the von K arm an constant, z is the measurement depth, and u Ãw is the water side friction velocity derived from direct eddy covariance measurements of the air-side friction velocity u Ãa via the law of momentum conservation (u 2 Ãa q a 5u
2 Ãw q w with q w being the water density). In the following, the water side friction velocity is referred to as u Ã . The LOW is a basic similarity scaling, which does not take waves into account and thus might not be adequate of describing in presence of breaking waves.
The LOW reproduces the shape of the measured profiles during the Knorr11 cruise relatively well but overestimates the observed values of within the mixing layer (XLD) for the majority of ASIP profiles ( Figure 1 ). The XLD is the ocean surface layer of active mixing and its depth is defined as the depth at which falls to a background level of 510 29 m 2 s 21 [Brainerd and Gregg, 1995; Sutherland et al., 2014b] .
Through a detailed analysis of measured during the Knorr11 cruise, Sutherland et al. [2013] found that the LOW predicts within an order of magnitude, but with a tendency to overestimate the observed . Previous observations found that the LOW underestimated observed dissipation by 1-2 orders of magnitude [Kitaigorodskii et al., 1983; Agrawal et al., 1992] . The observations of reduced may be caused by the presence of surfactants at the ocean surface damping turbulence, as the Knorr11 campaign experienced high levels of phytoplankton blooms [Bell et al., 2013] . To determine the offset between the observed and scaled profiles, measured profiles of ASIP were averaged over 200 min time intervals (typically an average of 7 profiles) and normalized with the LOW (= LOW ) within the depth of the XLD ( LOW 5 0.394 [6 0.07] Á LOW ).
As the LOW does not account for turbulence induced by waves the wave scaling of Terray et al. [1996] was also implemented (henceforth T96 scaling). The dissipation rate T96 is scaled by using parameters of the windwave field and its vertical structure is divided into three regions. In the uppermost layer, from the surface to a ''breaking depth'' z b 50:6 H s , where H s is the significant wave height, is assumed to be constant and an order of magnitude larger than predicted by the LOW due to the presence of breaking waves. The energy of this ''breaking layer'' is dissipated downward to a ''transition depth'' z t 50:3 H s j c uÃa , where c is the effective wave speed. In this ''transition layer'' behaves proportional to z 22 . Below the ''transition layer'' local shear production dominates induced by breaking waves, and follows the behavior of a shear-driven flow, Figure 1 . Averaged dissipation profiles, averaged over all ASIP deployments, with their 95% confidence interval (black), and the respective averaged LOW profile (blue) and T96 profiles (green) and their 95% confidence interval. The LOW is fitted to the measurements (multiplied offset of 0.394) and extrapolated to the thickness of the viscous sublayer-the resulting profile is shown in red. The same is done with the T96 scaling (orange). The circles give the averaged values at each normalized depth level-normalized to the mixing layer depth (XLD).
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During the Knorr11 cruise no ''breaking layer'' with uniform was observed contradicting the predictions of T96. The measured values of are overestimated and the scaled profiles were offset in the same way as for the LOW (Figure 1 ).
In order to determine immediately below the air-sea interface, the scaled profiles LOW and T96 are extrapolated to the thickness of the viscous sublayer, so that z5z m in (5) and (6 above z b ) following Lorke and Peeters [2006] . This thickness is a function of wind speed [Ward and Donelan, 2006; Ward, 2007] and is inversely proportional to the friction velocity [Wu, 1971; Chriss and Caldwell, 1984] :
When applying an offset to the scaled T96 profiles (Figure 1 ), those profiles underestimate the measured close to the surface, and the extrapolated values of 0T96 at the thickness of the viscous sublayer are consistently smaller than those modeled by the LOW and are often even smaller than the measured values at 0.5 m depth.
Expressing 0 with the LOW scaling approach in the SEM allows (3) to be rewritten as:
which is a function of u Ã rather than . Therefore, scaling with the LOW allows to directly compare the SEM with the commonly used wind speed-based parameterizations (over the open ocean wind speed and u Ã are closely related as shown by Edson et al. [2013] . Here we use the Tropical Ocean Global Atmosphere Coupled Ocean Atmosphere Response Experiment (TOGA COARE) model to relate u Ã to u 10 . The time series of u Ã and wind speed are shown in Figure 2 .
The parameterization in (8) only includes u Ã as a determining parameter and is only valid in situations in which no waves are present, so that the prevailing turbulence is purely shear induced. To take surface waves into account, 0 in (3) can be expressed with 0T96 providing:
which is a function of u Ã , H s , c, q a , q w , and m.
Wave Measurements
The wave measurements during the Knorr cruise were carried out using an ultrasonic altimeter mounted at the bow . To correct for ship motion, the altimeter was combined with an accelerometer. From the obtained time series of sea surface elevation, surface wave spectra were calculated to determine H s (Figure 2 ) and the zero-upcrossing period T 0 as described in Sutherland et al. [2013] .
Schmidt Number Exponent
Fick's law of diffusion, which states that the flux density J of a tracer being forced by molecular diffusion is proportional to the concentration gradient, can be extended to also account for turbulent transport:
where D and K C are the molecular and turbulent diffusion coefficients, respectively. In case of stationarity and homogeneity where no chemical sources or sinks exist, J is directed vertically and constant. Integration of (10) yields:
where R is the resistance which is equal to 1=k. The profile of K C close to the air-sea interface depends on the sea surface conditions. For a smooth solid wall, K C ðzÞ can be described by the Reichardt approach [Reichardt, 1951] as K C / z 3 close to the surface which changes to a linear relation at larger depth. For a free and wavy surface, the turbulent diffusivity increases with the distance squared (K c / z 2 ) [J€ ahne, 2009] . Integrating (11) using these descriptions of K C ðzÞ yields the gas transfer velocity k proportional to the Schmidt number:
for a smooth surface 
where n5 1 2 and n5 2 3 give the theoretical limits of the Schmidt number exponent n for a film-covered smooth and a completely wavy ocean surface, respectively [Deacon, 1977; J€ ahne et al., 1987] . Using the dual-tracer method, the change from n5 2 3 for a film covered surface to n5 1 2 for a wave-covered surface was verified in tank experiments [J€ ahne et al., 1985, 1987] . For a Schmidt number of 660, this leads to an increase of k by a factor of 3.
As it is difficult to measure n in the field, most studies concentrate on the relation between and k and assume n5 1 2 [Zappa et al., 2007; Tokoro et al., 2008; Vachon et al., 2010; Gålfalk et al., 2013; Wang et al., 2015] . None of the empirical gas transfer models take the transition of the Schmidt number exponent into account. Even though the exact shape of the transition from n5 2 3 to n5 1 2 is not known, laboratory studies indicate this transition to occur smoothly and it has been described as a function of mean square slope (total variance of the sea surface slope), the friction velocity, and wind speed [Krall, 2013; Richter and J€ ahne, 2011; J€ ahne and Haußecker, 1998 ]. Krall [2013] used the Aeolotron circular flume at the University of Heidelberg to investigate the transition of n based on u Ã in the presence of surfactants. For each of the three surfactant conditions (clean surface; medium surfactant coverage with 0.052 mmol/l Triton; and high surfactant coverage with 0.26 mmol/l Triton), they found different relations of n5f ðu Ã Þ as shown in Figure  3 . For a clean water surface, n5 The least-square method was used to calculate n5f ðu Ã Þ from our observations. This was performed separately for k DMS and k CO2 using equation (3).
As the SEM describes the physical mechanism occurring at the air-sea interface, the values of being extrapolated to z m assuming the LOW are used to find the best fit. These 0LOW do not rely on the actually measured but on u Ã based on in situ momentum flux measurements, which allows us to take all combined measurements of k and u Ã from the Knorr11 and the SOAP cruises into account. The best fits are determined with respect to the best combination in the proportionality coefficient A and n5f ðu Ã Þ in the SEM. Following this assumption, a function n520:22 Á log 10 ðu Ã Þ10:13 is determined based on k DMS , which is associated with an A 5 0.20. A similar fit was determined based on the k CO2 observations. As the fit based on observations of k DMS describes the relation between k and the SEM better (RMSD 5 67.18 cm h 21 ) than the one based on observations of k CO2 (RMSD 5 69.03 cm h 21 ), in the following this fit is chosen to describe the transition of n for both gases.
When calculating n5f ðu Ã Þ from our observations using the least-square method, we find a function that follows closest the medium surfactant case of Krall [2013] (Figure 3) . It is reasonable to assume that there may have been biological surfactants present, given the high levels of chlorophyll observed during the Knorr11 cruise [Bell et al., 2013] .
Results and Discussion
Small-Eddy Model
The SEM for data averaged over 200 min intervals describes 46% of the variability in k DMS when applying constant n5 1 2 , as it was assumed by previous studies [e.g., Zappa et al., 2007] (Figure 4a in grey) . The performance of the SEM can be significantly improved, when applying a variable n5f ðu Ã Þ, which then describes 80% of the variability in k DMS (Figure 4a in color) .
The measured k CO2 is much more variable than the k DMS , especially for lower wind speeds. This high variability leads to a lower correlation, where the weighted coefficient of determination is, R Until now, we have looked at the relation based on measured in the uppermost 0.5 m of the ocean. However, the SEM is defined for an 0 measured directly at the air-sea interface. To account for this, the measured profiles of are extrapolated to the depth of the viscous sublayer z m , using the LOW and the T96 scaling (Figure 1 ). Figure 5 shows the same setup as Figure 4 with extrapolated to z m (equations (8) and (9)).
The SEM holds well for this extrapolated data for both k DMS (R 
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DISSIPATION-BASED K-PARAMETRIZATIONvariable n. These R 2 w values are close to the ones determined for the analysis based on the measured 05m in Figure 4 (an increase of 6% and decrease of 3% for R wLOW and R wT96 , respectively, for k DMS and a decrease of 4% and 7% for R wLOW and R wT96 , respectively, for k CO2 ). This indicates that both the LOW and the T96 scaling are appropriate methods for parameterizing k. (Note that applying n5f ðu Ã Þ shifts the data points parallel to the x axis.) The dashed line shows the 1:1 relation between measured k and the SEM. The proportionality coefficient A is determined using a weighted least-square method and the R 2 w values is weighted with the relative errors of the averaged measurements. For the analysis all temporal bins, which hold only one data point and those with a standard deviation higher than 8 times the averaged standard deviation were excluded. Figure 4 except with extrapolated to the surface using LOW scaling based on the measured u Ã values (colored data points) and using the T96 scaling (black diamonds).
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DISSIPATION-BASED K-PARAMETRIZATION Figure 6 shows the prediction of the SEM based on u Ã (equation (8)) and the scaled wave-induced turbulence (equation (9)) for the complete Knorr11 data including the periods for which ASIP was not deployed (Figure 2 ). For both scaling approaches, it shows a linear relation for k DMS at low and medium wind speeds (Figure 6a ). Only at high wind speeds, which correspond to the last station of the Knorr11 cruise, k DMS significantly deviates from this linear relation, which has been discussed by Bell et al. [2013] . They speculate that variations in surfactants and/or wind/wave interactions are causing this deviation. When excluding this last station from the analysis, the SEM explains 94% of the variability based on the LOW and 91% based on the T96 scaling in k DMS . Therefore, the SEM explains a large part of the variability in k DMS for low and medium wind speeds.
Relating the Gas Transfer Velocity to Modeled Dissipation Estimates
For high wind speeds, there exist no direct measurements of during the Knorr11 cruise because the recovery of ASIP after the storm failed. A reduction in during these high wind speeds could explain the discrepancy between the predicted and the measured k DMS . The SEM successfully predicted k CO2 at high wind speeds (Figure 6b ). The different behavior of k DMS and k CO2 in high winds could be explained by a reduction in with a simultaneous increase in bubble-mediated transfer, which is expected to be relevant for CO 2 but not for DMS [Bell, 2015; Gemmrich, 2012] . Figure 6b shows the same analysis for k CO2 for which the SEM explains 27% and 25% of the variability based on the LOW and T96 scaling, respectively. Highest variability of the measured k CO2 occurs at low wind speeds.
The prediction of the SEM based on different scaling approaches (excluding and including surface waves) yield similar strong results for k DMS and k CO2 with T96 explaining nearly as much of the variability as the LOW.
Having consistent measurements of u Ã ; k DMS , and k CO2 , the same analysis based on 0LOW is applied to k measured in the Pacific during the SOAP cruise. Taking the same relation determined for the North Atlantic and applying them on the k DMS and k CO2 measurements in the Pacific explains 76% of the variability for k DMS and 98% for k CO2 (Figure 7 ).
When inserting the proportionality coefficients A 0LOW found for 0LOW in the North Atlantic ( Figure 6 ) and for the Pacific (Figure 7 ) into equation (8), k can be parameterized by: 
Using the LOW to determine these parameterizations assumes the ocean to be purely shear driven, therefore ignoring any wave-enhanced turbulence near the surface. Different scaling approaches, which suggest a deviation from the LOW with being proportional to z 22 to z 24 [Gargett, 1989; Craig and Banner, 1994; Terray et al., 1996; Sutherland and Melville, 2015] , change the magnitude of the extrapolated 0 and thus the proportionality coefficient A. However, for T96, it is shown that the performance of the SEM is not changed significantly. When inserting the proportionality coefficients A for 0T96 in the North Atlantic ( Figure 6 and equation (9)), k can be parameterized by: 
Neither of the scaling attempts perfectly describes the measured profiles during Knorr11. The profiles modeled by the T96, scaled with a depth dependency of T96 over-predict the magnitude of the measured profiles even further than the LOW (Figure 1 ). To overcome this over-prediction, an offset was applied. At the depth of the viscous sublayer, above the ''breaking'' depth z b , the uniform T96 falls below the values predicted by the LOW. Further investigations on scaling close to the air-sea interface are desirable to accurately describe 0 . This scaling could then be used to extrapolate in the SEM to z m and to obtain a more accurate and more universally applicable parameterization of k.
The performance of both scaling approaches within the SEM was equally feasible (similar R 2 w values for both scaling approaches in Figure 5 ). The LOW, which is only applicable when no waves occur, offers a straightforward opportunity to compare the commonly used empirical wind speed parameterizations with the SEM using equations (13) and (14) (Figure 8 ). This attempt is worthwhile to address as wave measurements DISSIPATION-BASED K-PARAMETRIZATIONwould be necessary for the T96 scaling, which are not achievable for every measurement campaign. Note that the wave measurements during the Knorr11 campaign provided only 1-D wave spectra, this does not allow to account for the full complexity of the wave field, e.g., alignment of swell and wind sea or directional spread of the wave spectrum.
The function derived for k CO2 based on the LOW falls between the estimates of Wanninkhof [1992] and Sweeney et al. [2007] (Figure 8 ). The latter parameterization is an update of the first based on a revision of the 14 C data. Our function for k DMS based on the LOW lies in the lower range of the conventional windbased parameterizations and is in the range of the results of the COARE model for DMS.
For a completely smooth water surface (n5 2 3 ), Deacon [1977] derived k based on u Ã using the turbulent diffusion model (Table 1) , which can be interpreted as a lower boundary for the wind driven gas transfer. Our k5f ðu Ã Þ relation results in higher values of k for both gases and comes close to Deacon's theoretical relation only for the lowest wind speeds (Figure 8) . Krall [2013] empirically fitted an upper boundary to their measurements for surfactant-free conditions using n5 1 2 . Our k DMS relation based on the LOW falls within these boundaries showing the transition from a completely smooth to wavy ocean surface. Our relation for k CO2 exceeds the empirical upper boundary of Krall [2013] .
Proportionality Coefficient A
The proportionality between both sides of the SEM (equation (3)) is expressed by the coefficient A, which is determined through data regression. At the measurement depth of 0.5 m, A is determined to be 0.70 [60.07] for k DMS when using a variable n5f ðu Ã Þ. When using n 5 . A selection of wind speed-based (dashed lines) and friction velocity (dashed-dotted lines) gas transfer velocity parameterizations are compared to the turbulence-based parameterization determined in this study (solid lines) for k DMS (green) and k CO2 (red). These lines do not implicate any direct measurements but are based on idealized water side friction velocity u Ã using the k5f ðu Ã Þ relations determined in this study in equations (13) and (14). The range (shaded area) of these relations is caused by the different proportionality coefficients A for the North Atlantic and the Pacific. Note that u Ã and u 10 are not related linearly with each other. Vachon et al. [2010] . Thus, the proportionality for k DMS between both sides of the SEM found in the open ocean is similar to the ones found in previous studies when using the same assumptions (summarized values of A in Table 2 ).
As the measured k CO2 are greater than the measured k DMS , the values of A have to be proportionally higher for k DMS . The differences in the values between k CO2 and k DMS might be driven by wave/bubble effects. Breaking waves and bubbles are suggested to enhance the transfer of lower solubility gases like CO 2 relative to higher solubility gases like DMS. The coefficient A based on a constant n for k CO2 is lower (A 5 0.73 [60.06]) than for a variable n5f ðu Ã Þ (A 5 1.46 [60.27]) . These values of A are significantly higher than those found in the literature.
As pointed out before, the T96 scaling with applied offset predicts lower values of 0 than the LOW. The different magnitude of 0 from both scaling approaches is reflected in different values of the constant A 0 , which has to balance the different 0 (Figure 4) . The values of A 0T96 are higher than the A 0LOW for both k DMS (A 0T96 50:67 ½6 0:05 and A 0LOW 50:26 ½6 0:03) and k CO2 (A 0T96 51:21 ½6 0:30 and A 0LOW 50:46 ½6 0:14).
For the extrapolated 0LOW ; A 0LOW was predetermined for k DMS to be A 0 50:20, when using the least-square fitting to assess n5f ðu Ã Þ (section 2.4). This approach was based on the complete Knorr11 and SOAP data. As The most significant difference between the SEM based on the measured at a depth of 0.5 m and the one based on the extrapolated 0 is the change in the proportionality constant A for both gases as it has to balance the change of toward the air-sea interface. For the LOW, these extrapolated 0LOW are higher than those measured at 0.5 m depth, so that A has to decrease toward the surface. As the offset T96 scaling predicts values in a similar range than the measured close to the ocean surface, likewise the extrapolated 0T96 are similar to those measured at 0.5 m depth and thus A 0 has to stay in the same range than A found in 0.5 m depth. Wang et al. [2015] (0:08 A 0:34), measured at 0.25 cm depth, than the A found for the same setting within the layer down to 0.5 m. This shows the depth dependency of A, which makes a comparison with previous studies more difficult since for each study was measured at different depths. The ASIP profiles provide measurements covering a wide range of water depths. This offers the great opportunity to investigate the depth dependency of the proportionality ''constant'' A. The same analysis as carried out for the uppermost 0.5 m is implemented for depth intervals of 0.5 m. The values for A in these depth intervals are presented against the prevailing turbulence in Figure 9 .
Despite showing A as a function of , there is also a clear depth dependency. The coefficient A balances the k2 relation and consequently follows the strong depth dependency of . However, for the comparison of our results to previously published values of A, it is clearer to use A based on 5f ðzÞ. This approach offers the ability to relate A and without information about the depth (Figure 9 ). When ignoring the measurement depth and only concentrating on the prevailing turbulences, we can formulate A5b c with b and c listed in Table 3 . This function gives a range of values for A based on measurements of at different levels of turbulences. Therefore, a known value of gives the proportionality in the SEM which then predicts the prevailing k.
When comparing these functions to the literature (where n5 1 2 ), good agreement for both k DMS and k CO2 is found. As the functions fit well with the A2 relations found in estuaries and coastal oceans they offer a good opportunity to predict A5f ððzÞÞ. The values of A for n5f ðu Ã Þ are, as expected, higher than those found in the literature.
To avoid using as a proxy for the depth dependency of A, we normalized the measured u Ã to 0.01 m s 21 so that A5f ðz; u Ãnorm Þ, and thus get a depth dependency of A5b z z c z with b z and c z for both scaling approaches as listed in Table 4 .
Conclusion
Various studies on gas exchange across the air-sea interface, including a variety of methods and techniques ranging from theoretical approaches, laboratory studies, and field campaigns in lakes, coastal areas, and estuaries, have verified the dissipation rate of turbulent kinetic energy to be a good predictor for k using the small-eddy model (SEM) [Lorke and Peeters, 2006; Asher and Pankow, 1986; Moog and Jirka, 1999; Zappa et al., 2007; Tokoro et al., 2008; Vachon et al., 2010] . In this paper, we have used eddy covariance DMS and CO 2 gas transfer measurements and observations from the Air-Sea Interaction Profiler (ASIP) to confirm that this theoretical model holds well for measured at 0.5 m depth in the open ocean.
It was shown that the performance of the SEM can be significantly improved by using a varying Schmidt number exponent n, which is determined as a function of u Ã , instead of the frequently used constant of n5 1 2 . When applying the same assumption that n5 1 2 , as in former studies, the SEM explains 46% of the variability in k DMS and 27% of the variability in k CO2 . Applying n5f ðu Ã Þ improves the predictability of the SEM to 80% for k DMS and 72% for k CO2 . This n5f ðu Ã Þ changes the SEM in a similar way to the approach of Wang et al. [2015] , who scale the proportionality coefficient with A / logðÞ. In both cases, the expression is shifted toward lower values for low and toward higher values for high .
We tested the two cases of ''no waves'' (law of the wall-LOW) and ''wave-induced turbulences'' (scaling proposed by Terray et al. [1996] -T96) to extrapolate our measurements of to the viscous sublayer z m . For both cases, we found that our basic analysis holds well, but with different set of model constants. The SEM based on both scaling approaches yields good results for both gases (R 2 wLOW 50:85 and R 2 wT96 50:78 for k DMS and R 2 wLOW 50:69 and R 2 wT96 50:67 for k CO2 ). The main difference between the scaling approaches is the different profile behavior. When fitting the modeled profiles to the measured ones, the uniform values of T96 in the ''breaking layer'', tends to model lower values of 0 for the viscous sublayer than the LOW. These differences toward the LOW in the magnitude of extrapolated 0 are reflected in the difference in the proportionality coefficient A for the SEM based on the different scaling approaches. A is determined for a certain for a measured k according to the SEM. Moving away from the surface, A has to increase in order to obtain the same k because decreases.
Reliable wave measurements are not conducted during every field experiment, therefore the feasible results of the SEM based on the LOW are promising. Using the LOW to model 0 enables the simplification of the SEM and a physically based parameterization that solely depends on the water side friction velocity u Ã in equations (13) and (14). This relation, which holds not only in the North Atlantic but also in the Pacific Ocean, allows for a validation of the commonly used wind speed parameterization, where the LOW provides a good enough parameterization. At that, our relation follows closest the parameterization of Sweeney et al. [2007] . As measuring 0 directly at the air-sea interface is complicated and none of the proposed scaling approaches could scale the profiles during Knorr11 perfectly, the usage of parameterizations based on u Ã measurements appears to be a reliable alternative for low to intermediate wind speeds.
For the SEM, there exists a range of different values of proportionality coefficients A in literature. These different values of A are based on measurements at various depths and feature a broad range of magnitudes for . The profiling ability of ASIP was exploited to evaluate the dependency of A on , which make a comparison between the different studies possible. The determined functions of A5f ðÞ cover the published values of A from Zappa et al. [2007] , Wang et al. [2015] , Tokoro et al. [2008] , and Vachon et al. [2010] . Normalizing u Ã to 0.01 m s 21 let us formulate an applicable A-z relation (Table 4) , which mirrors A to be a function of measurement depth. This function could help to overcome the uncertainty in A which has limited the application of the SEM to estimate k.
